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Abstract 
Calmodulin-dependent protein kinase II (CaM-kinase II) undergoes a very rapid autophosphorylation at Thr-286/Thr-287 in the 
presence of CaZ+/calmodulin and ATP/Mg 2+, and this has greatly hampered studies on the role of the autophosphorylation in the 
regulation of the enzyme activity, because it has been difficult to measure the activity of the non-autophosphorylated enzyme in the 
presence of Ca2+/calmodulin. In the present study, this difficulty was overcome by using adenosine 5'-O-(3-thiotriphosphate) (ATPyS) 
in place of ATP. When the enzyme was assayed with 2 /~M ATPyS and 200/zM syntide-2 at 5°C in the presence of CaZ+/calmodulin, 
the linear reaction rate of thiophosphorylation of syntide-2 was much slower than that of the enzyme which had previously undergone 
autothiophosphorylation. Under the limiting assay conditions, thiophosphorylation of the enzyme did not occur significantly during assay. 
Using this assay condition, activation by autothiophosphorylation was examined. When CaM-kinase II was autothiophosphorylated at 
5°C, the concomitant stimulation of both activities in the presence and absence of Ca2+/calmodulin was observed. The activity of the 
recombinant wild-type enzyme in the presence of CaZ+/calmodulin as well as in its absence was also markedly activated upon 
autothiophosphorylation, whereas those of the recombinant mutated enzyme, whose Thr-287 was replaced by Ala, was not activated at all. 
These results provide strong support for the contention that CaM-kinase II initially possesses a basal low level of the total activity and 
that the initial rapid autophosphorylation on Thr-286/Thr-287 results in full activation of the enzyme. 
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I. Introduction 
Calmodulin-dependent protein kinase II (CaM-kinase 
II) occurs very abundantly in the brain and has a broad 
substrate specificity [1], suggesting that it plays a number 
of  roles in the functioning of  the central nervous system in 
response to intracellular Ca 2+ (reviewed in Refs. [2-4]). 
The possible involvement ,of CaM-kinase II in the regula- 
tion of  neuronal functions such as neurotransmitter synthe- 
sis [5,6], neurotransmitter release [7,8], long-term potentia- 
tion [9-11], and the formation of  spatial learning [12] has 
so far been suggested. Rat brain CaM-kinase II is an 
oligomeric enzyme with a molecular weight of  about 
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540 000, which is composed of  several subunits possessing 
molecular weights ranging from 54000 and 61 000, de- 
rived from four distinct genes, a [13], /3//3'  [14,15], Y 
[16], and 6 [17]. 
One of  the prominent features of  CaM-kinase II is its 
self-regulation of  the activity by autophosphorylation [2-4]. 
It is widely accepted that the initial rapid Ca2+/calmodu - 
lin-dependent autophosphorylation on Thr-286/Thr-287 (in 
a / / 3 ,  y,  6 isoforms)  leads to generat ion of  
Ca2+/calmodulin-independent activity [18-22]. On the 
other hand, Kwiatkowski et al. [23] and we [24] proposed 
that the initial rapid autophosphorylation is essential for 
not only generation of Ca2+/calmodulin-independent ac- 
tivity but also full activation of  the total activity (the 
activity in the presence of  Ca2+/calmodulin) of the en- 
zyme (autoactivation). However, analyses of  the recombi- 
nant mutants of  CaM-kinase II, whose Thr-286/Thr-287 
was replaced by non-phosphorylatable amino acids such as 
Ala or Leu by site-directed mutagenesis, argued against the 
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autoactivation hypothesis [25-27]. Thus, the most impor- 
tant question of whether or not the initial rapid autophos- 
phorylation of Thr-286/Thr-287 is a prerequisite for full 
activation of the enzyme remains unsettled. 
In order to explore the autoactivation of CaM-kinase II 
by the initial rapid autophosphorylation, we designed the 
assay to slow down the reaction rate by using ATP3'S in 
place of ATP. The results described here provide strong 
support for the autoactivation hypothesis. 
2. Materials and methods 
2.1. Materials 
ATP was purchased from Sigma. ATP3"S was from 
Boehringer Mannheim. [3'- 32 P]ATP and [3,- 35 S]ATP3' S 
were from Amersham International. Tween 20 was from 
Pierce. Syntide-2 [28] was synthesized by American Pep- 
tide Company, Inc. 
2.2. Protein preparations 
Calmodulin was purified from rat testis essentially as 
described by Gopalakrishna and Anderson [29]. Rat brain 
CaM-kinase II was purified from rat cerebral cortex by a 
modification [30] of the original method [6]. Unless other- 
wise stated, CaM-kinase II purified from rat brain was 
used. Recombinant wild-type and mutated CaM-kinases II 
were purified from Escherichia coli, transformed with 
expression vectors pET1 ld carrying a cDNA coding the 
fl-isoform of rat brain CaM-kinase II and a cDNA coding 
the /3-isoform whose Thr-287 was replaced by Ala respec- 
tively (T. Kitani, unpublished work), as described by 
Hagiwara et al. [31] with the following modifications. 
Phosphocellulose column (Whatman P-11) was eluted with 
40 mM Na-phosphate buffer (pH 7.2) containing 10% 
ethylene glycol, 0.05% Tween 40, 1 mM DTT, and 1 M 
NaCI in a batchwise manner and the eluate was dialyzed 
against 40 mM Tris-HC1 (pH 7.6) containing 1 mM DTT, 
0.1 mM EDTA, 0.2 M NaCI, and 0.05% Tween 40 for 5 h 
with two changes of buffer. The dialysate was concen- 
trated by Ultrafree CL (UFC4LGC25) (Millipore Ltd.) and 
was made 10% (v /v )  in ethylene glycol. The purified 
enzymes were stored at -80°C.  
2.3. CaM-kinase H assay 
The thiophosphorylation of syntide-2 by CaM-kinase II 
was carried out at 5°C in the reaction mixture containing 
an appropriate amount of CaM-kinase II, 200/xM syntide- 
2, 50/xM or 2 /~M of [3'-35S]ATP3"S (0.4-10/xCi/nmol) ,  
5 mM magnesium acetate, 40 mM Hepes-NaOH (pH 8.0), 
0.01% Tween 20, 0.2 mM CaC12, 0.1 mM EGTA, and 1 
/zM calmodulin (for the determination of the total activity). 
For the determination of Ca2+/calmodulin-independent 
activity, CaCl 2 was omitted from the incubation mixture. 
The reaction was started by the addition of CaM-kinase II. 
Aliquots were withdrawn every 20 s and the incorporation 
of[  35 S]thiophosphate into syntide-2 was determined by the 
phosphocellulose paper method as described by Roskoski 
[32]. The activity of CaM-kinase II was determined from 
the slope of the linear portion of the time course of the 
thiophosphate incorporation into syntide-2. Unless other- 
wise stated, CaM-kinase II activity was determined at 5°C 
with 2 ~M [3'-35S]ATPyS (limiting assay conditions). In 
some experiments, CaM-kinase II activity was determined 
by phosphorylation of syntide-2 at 30°C using 40 /zM 
syntide-2 and 50 /zM [3'-32p]ATP instead of 200 /zM 
syntide-2 and [3'-35S]ATPyS, respectively, as described 
previously [24,30] (conventional assay conditions). 
2.4. Autothiophosphorylation of  CaM-kinase H 
Autothiophosphorylation of CaM-kinase II was carried 
out at 5°C in the reaction mixture containing an appropri- 
ate amount of CaM-kinase II, [y-35S]ATP3'S or non-radio- 
labelled ATP3'S at the indicated concentrations, i /zM 
calmodulin, 5 mM magnesium acetate, 0.2 mM CaC12, 0.1 
mM EGTA, 0.01% Tween 20, and 40 mM Hepes-NaOH 
(pH 8.0). The reaction was started by the addition of 
CaM-kinase II. After incubation, aliquots were taken for 
determination of the enzyme activity or the incorporation 
of [35S]thiophosphate into the enzyme. The activity of 
autothiophosphorylated enzyme was measured at 2 /zM 
ATPyS in the presence or absence of Ca 2+, as described 
above. The reaction was started by the addition of the 
incubated autothiophosphorylation mixture into the assay 
mixture without termination of autothiophosphorylation 
reaction. In some experiments, the autothiophosphorylation 
reaction was stopped by dilution with 9 volumes of a stop 
solution, consisting of 50 mM Tris-HC1 (pH 7.5), 0.05% 
Tween 40, 1 mM DTT, and 1 mM EDTA, and aliquots of 
the diluted enzyme was immediately assayed in the pres- 
ence or absence of Ca 2+. For estimation of the incorpora- 
tion of [35S]thiophosphate into CaM-kinase II, aliquots of 
the reaction mixture for autothiophosphorylation were 
spotted onto P-81 phosphocellulose papers (Whatman), 
and bound radioactivity was determined, as described by 
Colbran [33]. In some cases, the incorporation of 
[35S]thiophosphate into CaM-kinase II was estimated as 
follows. The reactions were terminated at the indicated 
time by adding 22.7 mM EDTA and mixed with an equal 
volume of a sample buffer consisting of 125 mM Tris-HCl 
(pH 6.8), 4% SDS, 20% glycerol, 0.002% bromphenol 
blue, and 130 mM fl-mercaptoethanol. The mixtures were 
then boiled for 2 min, and aliquots were subjected to 
SDS-polyacrylamide gel electrophoresis on a 10% poly- 
acrylamide gel. The radioactive bands corresponding to c~ 
and fl subunits were quantitatively analyzed by use of a 
Bio-Imaging Analyzer, BAS-2000 (Fuji Film) according to 
the manufacturer's instruction. The relative radioactivities 
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thus obtained were correcmd by subtracting each back- 
ground. 
2.5. Other analytical procedures 
SDS-polyacrylamide gel electrophoresis was carried out 
according to the method of Laemmli [34]. The concentra- 
tions of rat brain CaM-kinase II and calmodulin were 
determined spectrophotometrically using absorption coeffi- 
cients E28 o (1 mg/ml)  of 1.30 and 0.21, respectively, as 
described previously [35]. The concentration of syntide-2 
was determined by amino acid analysis. The concentra- 
tions of wild-type and mutated recombinant CaM-kinase II 
/3 were determined by the method of Lowry et al. [36], as 
modified by Peterson [37] with bovine serum albumin as a 
standard. The molecular masses for rat brain CaM-kinase 
II and calmodulin were taken as 540000 and 17000, 
respectively. 
3. Results 
CaM-kinase II undergoes autothiophosphorylation al- 
most exclusively at Thr-286/Thr-287 on incubation with 
ATPyS at 5°C at a much slower rate than autophosphoryla- 
tion with ATP [22]. Such slow and exclusive autothiophos- 
phorylation at Thr-286/Thr-287 of the enzyme may make 
it possible for us to examine the question of whether the 
initial rapid autophosphorylation of Thr-286/Thr-287 is 
involved in the activation of the enzyme. When syntide-2 
was incubated at 5°C with CaM-kinase II in the presence 
of 50 /zM ATPyS under the assay conditions, thiophos- 
phorylation of syntide-2 occurred and increased with in- 
creasing time of incubation, as shown in Fig. 1A. When 
the experiments were carried out with the enzyme which 
had previously been autothiophosphorylated, the reaction 
proceeded linearly. However, in the experiments with the 
enzyme which had not undergone prior autothiophosphory- 
lation, the initial reaction rate was much slower than that 
with the autothiophosphorylated enzyme and, after a pro- 
nounced lag for about 2 min, the reaction rate attained a 
maximum level which was almost identical to that with the 
autothiophosphorylated enzyme. The lag is not due to 
reduction of the rate of a conformational change induced 
by Ca2+/calmodulin at a low incubation temperature, 
because prior incubation of the enzyme with 
Ca2+/calmodulin for 2 min could not abolish the lag (data 
not shown). These results suggest that the activity of the 
non-thiophosphorylated enzyme increased upon autothio- 
phosphorylation which occurred during enzyme reaction, 
supporting the autoactivation hypothesis [23,24]. When the 
concentration of ATPyS was lowered to 2 /xM to reduce 
the autothiophosphorylation during enzyme reaction, the 
reaction of the nonthiophosphorylated enzyme proceeded 
almost linearly after a slight initial lag for about 30 s, and 
the linear reaction rate was much slower than that of the 
autothiophosphorylated enzyme (Fig. 1B), probably be- 
cause autothiophosphorylation of the enzyme was strongly 
suppressed during enzyme reaction under the limiting con- 
ditions of 2 tzM ATPTS. To confirm that the autothio- 
phosphorylation did not occur during enzyme reaction, the 
enzyme was incubated with [35S]ATPTS under the same 
conditions as used in Fig. 1, and the incorporation of 
[35S]thiophosphate into the enzyme was examined by 
SDS-polyacrylamide gel electrophoresis (for separation of 
the enzyme and syntide-2) followed by autoradiography 
using a Bio-Imaging Analyzer, as shown in Fig. 2. As 
expected, in the presence of 200 /xM syntide-2, a marked 
incorporation of thiophosphate into the enzyme was ob- 
served when the enzyme was incubated with 50 /xM 
ATPT S, but such a marked incorporation was not observed 
when the enzyme was incubated with 2 /zM ATPyS. The 
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Fig. 1. Time course of thiophosphorylation of syntide-2 by CaM-kinase II with 50 /xM (A) or 2 /zM (B) ATPyS at 5°C in the presence of 
Ca2+/calmodulin. Syntide-2 (20(I /zM) was incubated with an appropriate amount (0.63-1.53 nM as holoenzyme) of rat brain CaMkinase II in the 
standard assay mixture containing 50 /xM [ 3,-35 SIATPy S (A) or 2 /.LM [ 3,-3s S]ATPy S (B) at 5°C in the presence of 0.2 mM CaC12 and 1 tzM calmodulin 
as described in Section 2. At the indicated times, aliquots were withdrawn, and the incorporation of [35S]thiophosphate into syntide-2 was determined. 
Prior to the reaction, the enzyme was subjected to no treatment ((3), or incubation for autothiophosphorylation at 5°C for 10 min in the autothiophosphory- 
lation mixture containing 50 /zM non-radiolabelled ATPyS (0 ) .  Each value represents the average of 3 independent determinations + S.D. 
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Fig. 2. Autothiophosphorylation of CaM-kinase II by incubation with 50 
/xM or 2 /xM ATPyS at 5°C. Rat brain CaM-kinase It (1.53 nM as 
holoenzyme) was incubated with 50 /xM [y-35S]ATPyS (10 p.Ci/nmol) 
(lane 1 and 2) or 2 /xM [y-35S]ATPTS (10 /zCi/nmol) (lane 3 and 4) at 
5°C under the same conditions as in Fig. 1. After incubation for 1 min 
(lane 1 and 3) or 3 min (lane 2 and 4), 22.7 mM EDTA was added to stop 
the reaction, and the mixture was subjected to SDS-polyacrylamide gel 
electrophoresis on a 10% polyacrylamide gel as described in Section 2. 
The gel was visualized by autoradiography using a Bio-lmaging Analyzer 
(BAS-2000, Fuji Film). The positions of a and /3 subunit of CaM-kinase 
II are indicated. 
radioactivities of [35S]thiophosphate incorporated into both 
c~ and /3 subunits of the enzyme in the presence of 2 /~M 
ATPyS were estimated to be 7.4 and 14.6% of those in the 
presence of 50/xM ATPyS after 1- and 3-min incubations, 
respectively, by use of a Bio-Imaging Analyzer (data not 
shown). Thus, very little autothiophosphorylation of the 
enzyme occurred during enzyme reaction under the limit- 
ing assay conditions. 
Incubation of CaM-kinase II with 50 /zM ATPyS at 
5°C under the autothiophosphorylation conditions resulted 
in a progressive increase in incorporation of thiophosphate 
into the enzyme, and the extent of the incorporation after 
10 min of incubation was 7.9 + 0.9 mol of 
thiophosphate/mol of enzyme (corresponding with ap- 
proximately 1 mol of thiophosphate/mol of subunit), as 
shown in Fig. 3A. When the activities of the enzyme 
which had been autothiophosphorylated under the same 
conditions were measured in the presence and absence of 
Ca 2+ under the limiting assay conditions, not only the 
Ca2+/calmodulin-independent activity but also the total 
activity assayed in the presence of CaZ+/calmodulin in- 
creased as the incubation time for autothiophosphorylation 
increased (Fig. 3B). The total activity, 45.2 + 5.4 
nmol /min /mg before autothiophosphorylation, was ap- 
proximately  7-fold increased to 324.5 _+ 45.5 
nmol /min /mg after 10 min incubation for autothiophos- 
phorylation. A plot of the total activity against the 
Ca2+/calmodulin-independent activity of the data pre- 
sented in Fig. 3B showed a linear relationship, as shown in 
Fig. 3C, suggesting that the autothiophosphorylation on 
Thr-286/Thr-287 is responsible for not only generation of 
the Ca2+/calmodulin-independent activity but also full 
activation of the total activity, since many reports [18-22] 
have so far demonstrated that the auto(thio)phosphoryla- 
tion causes generation of the CaZ+/calmodulin-indepen - 
dent activity. Thus, under the limiting assay conditions, 
CaM-kinase II appears to possess a basal total activity 
amounting to only about 10% of the maximum activity, 
and it may be maximally activated upon the initial rapid 
autophosphorylation on Thr-286/Thr-287, in good agree- 
ment with our previous report [24]. 
In order to confirm the involvement of the initial rapid 
autophosphorylation of the enzyme on Thr-286/Thr-287 
in full activation of the total activity, whether or not the 
activity of the recombinant enzyme whose Thr-287 (/3 
subunit) was replaced by Ala was activated upon autothio- 
phosphorylation was examined. When assayed under the 
conventional assay conditions, both recombinant enzymes, 
the wild-type and mutant enzymes, showed almost similar 
activities, which were an order of magnitude lower than 
that of the brain enzyme (Table 1), in agreement with the 
result of Hagiwara et al. [31]. When assayed under the 
limiting assay conditions, the specific activity of the mu- 
tant enzyme without prior autothiophosphorylation was 
higher than that of the wild-type enzyme for unknown 
reasons (Table 1). Under the limiting assay conditions, 
both the total activity (Fig. 4A) and the Ca2+/calmodulin - 
independent activity (Fig. 4B) of the brain enzyme and the 
recombinant wild-type enzyme (Thr-287) increased almost 
similarly by incubation under the autothiophosphorylation 
conditions, whereas both activities of the recombinant 
mutant enzyme (Ala-287) did not increase at all. It should 
Table 1 
Specific activities of rat brain CaM-kinase II, recombinant wild type CaM-kinase 11-/3 (Thr-287), and recombinant mutated CaM-kinase 1I-/3 (Ala-287) 
Enzymes Conventional assay conditions Limiting assay conditions 
(with 50 p.M ATP, at 30°C), (with 2 /xM ATPyS, at 5°C), 
n m o l / m i n / m g  n m o l / m i n / m g  
Rat brain CaM-kinase II 17582 + 1305 40.6 _ 3.7 
Recombinant wild-type CaM-kinase 11-/3 (Thr-287) 1525 + 42 2.9 + 0.7 
Recombinant mutated CaM-kinase II-/3 (Ala-287) 1191 + 41 5.7 + 0.3 
The activities of rat brain CaM-kinase II, recombinant wild-type CaM-kinase II (Thr-287), and recombinant mutated CaM-kinase II (Ala-287), whose 
Thr-287 was replaced by Ala, were determined at 5°C with 2 ~M [y-35S]ATP)'S (limiting assay conditions) and at 30°C with 50 /xM [y-nP]ATP 
(conventional assay conditions) in the presence of Ca 2+, as described in Section 2. The results are expressed as specific activities (nmol phosphate or 
thiophosphate incorporated into syntide-2 per min per mg of enzyme protein). Each value represents the average of 3 independent determinations + S.D. 
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Fig. 3. Time course of autothiophosphorylation of CaM-kinase II (A) and concomitant activation of the total activity and generation of Ca2÷/calmodulin- 
independent activity (B and C). A: Rat brain CaM-kinase II (33.8 nM) was incubated with 50 ~ M  ['y-35S]ATP'yS at 5°C under the autothiophosphorylation 
conditions. At the indicated times, aliquots were withdrawn and the incorporation of [35S]thiophosphate into CaM-kinase II was determined by the 
phosphocellulose paper method [32,33] as described in Section 2. Each value represents the average of 4 independent determinations -I- S.D. B: Rat brain 
CaM-kinase II (33.8 nM) was incubated under the same conditions as described in A, except that non-radiolabelled ATP~S was used. At the indicated 
times, aliquots were withdrawn and diluted 10-fold with the stop solution, and the enzyme activity was determined in the presence ( 0 )  or absence (O)  of 
Ca 2÷ under the limiting assay conditions (2 /zM ATPTS), as described in Section 2. Each value represents the average of at least 3 independent 
determinations + S.D. C: The results presented in B are expressed as a percentage of the activities of the enzyme autothiophosphorylated for 10 min and 
plotted with the total activity as ordinate and Ca2+/calmodulin-independent activity as abscissa. The results of 3 independent experiments, indicated by 
different symbols, are presented. 
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Fig. 4. Effect of autothiophosphorylation on the activities of rat brain, recombinant wild-type (Thr-287) and recombinant mutated CaM-kinase 1I (Ala-287). 
Rat brain CaM-kinase II (16.9 nM, Brain), recombinant wild-type CaM-kinase II (20.9 /xg/ml,  Rec. wild), and the mutated kinase (34.4 /xg/ml ,  Rec. 
mutant), whose Thr-287 was replaced by Ala, were autothiophosphorylated with 20 /xM non-radiolabelled ATPTS at 5°C as described in Section 2. After 
incubation for 10 rain, aliquot,; were withdrawn, and the total activity and Ca2÷/calmodulin-independent activity were determined with 2 ,u,M 
[3,-35S]ATP),S at 5°(2 in the presence and absence of Ca 2+ , respectively. A: The total activities of the autothiophosphorylated enzymes (stippled bars) are 
expressed as magnitude of activation of the activities of the non-thiophosphorylated enzymes (open bars). The specific activities of  the non-thiophosphory- 
lated enzymes are given in Table 1. B: The Ca2--/calmodulin-independent activities of the autothiophosphorylated enzymes (stippled bars) and the 
non-thiophosphorylated enzymes (open bars) are expressed as percentage of the total activities of the respective enzymes. Each value represents the 
average of 3 independent determinations -t- S.D. 
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be noted that, under the assay conditions (2 /zM ATPTS, 
5°C) used in Fig. 4, autothiophosphorylation of the enzyme 
did not occur significantly during assay (Fig. 2). These 
results strongly suggest that autothiophosphorylation on 
Thr-287 of the enzyme is responsible for not only genera- 
tion of the Ca2+/calmodulin-independent activity but also 
full activation of the total activity. 
4. Discussion 
Whether or not the initial rapid autophosphorylation of 
CaM-kinase II on Thr-286/Thr-287 is involved in the 
activation of the enzyme by Ca2+/calmodulin is one of 
the most important and fundamental question, but the very 
rapid autophosphorylation which occurs during enzyme 
assay has hampered studies addressing this question. The 
limiting assay conditions described in the present study, 
where ATPyS as low as 2 /xM was used in place of ATP 
and the reaction temperature was lowered to 5°C, made 
possible to measure the enzyme activity without significant 
progress in autothiophosphorylation of the enzyme during 
assay even in the presence of Ca2+/calmodulin. The 
enzyme activity determined under the limiting assay condi- 
tions in the presence of Ca2+/calmodulin was very much 
lower than that of the enzyme which had previously 
undergone autothiophosphorylation (Fig. 1B). When the 
enzyme was incubated under the autothiophosphorylation 
conditions, a progressive increase in autothiophosphoryla- 
tion of the enzyme resulted in concomitant increase in both 
the total enzyme activity and the Ca2÷/calmodulin-inde - 
pendent activity measured in the presence and absence of 
Ca 2+, respectively (Fig. 3A,B). There was a linear rela- 
tionship between the two activities, and the value for the 
total activity corresponding to the point  of  
Ca2÷/calmodulin-independent activity of zero was approx. 
10% of the maximum activity (Fig. 3C), in good agree- 
ment with our earlier result obtained under the assay 
conditions where 1 /xM ATP was used [24]. These results 
indicate that CaM-kinase II initially possesses a basal low 
level of the total activity and that the autophosphorylation 
on Thr-286/Thr-287 resulted in increase in both the total 
activity and Ca2÷/calmodulin-independent activity. A 
close relationship between the total activity and 
Ca 2÷/calmodulin-independent activity revealed by the fact 
that Wma x values of the autothiophosphorylated enzyme 
toward various substrates were identical in the presence 
and absence of CaZ+/calmodulin, whereas the K m values 
were higher in the absence of Ca2+/calmodulin [22], also 
suggests the simultaneous regulation of the total activity 
and the Ca2+/calmodulin-independent activity. 
In contrast to the kinetic analyses of CaM-kinase lI in 
this and other laboratories supporting the autoactivation 
hypothesis that the initial rapid autophosphorylation on 
Thr-286/Thr-287 of the enzyme is responsible for full 
activation of the total activity as well as generation of the 
Ca2+/calmodulin-independent activity [22-24], analyses 
of the recombinant mutant enzymes whose Thr-286/Thr- 
287 was replaced by non-phosphorylatable amino acids in 
several laboratories have argued against this hypothesis 
[25-27]. Their arguments are mainly based on the fact that 
the total activities of the mutant enzymes determined in the 
presence of Ca2+/calmodulin under the conventional as- 
say conditions are as high as that of the wild-type enzyme 
al though these mutant  en zy m es  showed  no 
Ca2÷/calmodulin-independent activity even after incuba- 
tion for autothiophosphorylation. As shown in Table 1, the 
recombinant mutated enzyme (Ala-287) showed the activ- 
ity almost similar to that of the wild-type enzyme (Thr-287) 
under the conventional assay conditions, where autophos- 
phorylation of the enzyme on Thr-287 occurred instanta- 
neously, in agreement with the results described above. 
However, the fact that the mutant enzyme shows similar 
activity to the wild-type enzyme under the conventional 
assay conditions does not necessarily argue against the 
autoactivation hypothesis. It may be conceivable that re- 
placement of an amino acid residue which is important in 
controlling the enzyme activity with another residue af- 
fects the activity. In contrast, whether or not the enzyme is 
activated upon auto(thio)phosphorylation should be con- 
clusive evidence. Here we show that, under the limiting 
assay conditions, where the autothiophosphorylation of 
Thr-287 did not significantly occur during assay, replace- 
ment of Thr-287 of the recombinant enzyme by Ala abol- 
ished the activation of the enzyme upon incubation under 
the autothiophosphorylation conditions while the brain en- 
zyme and the recombinant wild-type enzyme were almost 
similarly activated (Fig. 4A). Thus, the results of the 
site-directed mutagenic analyses of CaM-kinase II pre- 
sented here, in addition to those of the kinetic analyses 
described above, provide strong support for the autoactiva- 
tion hypothesis. 
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